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Abstract 

Comparisons between predicted and experimental 
stator losses showed that the analysis was able to 
predict the change in stator loss when contoured 
endwalls with highly three-dimensional passage geom- 
etry were used. The level of loss was predicted to 
within 75 percent of that measured. The predicted 
loss was due only to profile loss and boundary layer 
growth on the endwalls. The 25 percent diffe-ence 
was approximately 0.015 at design pressure ratio. 

The analysis was shown to predict the trend in sta- 
tor flow angle, even for small stator geometries. 

Summary 

Comparisons were made between analytic results 
and experimental results for contoured endwall sta- 
tors. The comparisons were maoe for flow angle and 
stator aerodynamic loss. The contoured stators had 
variable radius outer endwalls which resulted in 
highly three-dimensional passage geometries. The 
results of these romparisons showed that even though 
the flow analysis was only quasi-three-dimensional 
in nature, it was able to predict changes in flow 
angle caused by three dimensional passage geometry. 
An inviscid flow analysis was used, and losses were 
calculated by coupling a boundary layer analysis to 
the flow analysis. Even for small sized stators, the 
analysis was able to predict the change in stator 
performance resulting from changes in the endwall 
geometry. Except for a case with large unfavorable 
pressure gradients, the difference between the pre- 
dicted and measured stator loss was less than 0.015. 
The difference of 0.015 corresponded to about 25 
percent of the measured loss, so that the analysis 
was able to account for 75 percent of the measured 
loss. It was expected that the analysis would under- 
predict the experimental loss, since only analytic 
losses due to boundary layer growth and the presence 
of the trailing edge were accounted for. Endwall 
boundary layer loss was a large fraction of the 
total calculated loss. 

Correlations were observed between calculated 
suction surface static pressures and experimental 
radial distribution of loss. For the cylindrical 
endwall stator there were high losses near the hub, 
and the minimum surface pressure on the blade oc- 
curred at the hub. For an S-contoured stator there 
was a high loss region near the tip, and the minimum 
suction surface pressure was also at the tip. For 
thz conical stator the experimental data showed a 
high loss region near the tip, but the calculated 
minimum streamwise surface pressure varied little 
from hub to tip. 

The choice of appropriate contour geonetry is 
strongl^• influenced by blade loading. When unfav- 


orable pressure gradients are reduced through con- 
touring, significant reductions in stator loss are 
calculated. Calculations are presented to show the 
evolution of a contour design to give reduced loss 
and the desired amount of turning. 

Introduction 

A major goal of the turbine reseach program at 
the NASA-Lewis Research Center is to be able to 
predict the aerodynamic performance of turbine 
designs with complex passages. Une type of com- 
plfc passage which has received considerable at- 
tention is contoured endwall stators. In a con- 
toured stator the tip radius varies with axial 
distance to form a highly three-dimensional noz- 
zle. This application has received attention be- 
cause contouring has the potential for reducing 
stator losses in two ways. First, the boundary 
layer growth is modified due to the lower velocity 
at the inlet and during most of the turning. Sec- 
ond, there is a reduction in secondary losses by 
virtue of the reduced pressure gradient both across 
the channel and in the radial direction. The low 
velocity turning resulting from contouring reduces 
the cross channel pressure gradient, and contouring 
the outer wall reduces the radial pressure gradi- 
ent. Reducing the boundary layer growth increases 
stator efficiency, and reduced pressure gradients 
can yield more predictable rotor inlet conditions to 
improve stage efficiency. 

There have been several studies giving the per- 
formance results for contoured endwalls. References 
1 through 8 reported experimental investigations 
that showed improved performance due to endwall con- 
touring. An analytic and experimental program was 
conducted at NASA-Lewis to investigate stator end- 
wall contouring. The results of this program were 
reported in Refs. 9 and 10. One of the goals of this 
program was to see how well a quasi-three-dimensional 
flow analysis program could be used to predict the 
reduction in stator loss due to contouring. 

The results presented herein include comparisons 
of the analysis with the experimental results of 
Refs. 7, 8, and 10. The analysis is compared with 
data from different sources to show its ability to 
predict performance results for different geometries 
and blaae loadings. Reference 7 gives surface pi es- 
sures and flow angles for a single contoured endwall 
stator. References 8 and 10 each give experimental 
loss values for three stators. In each program the 
performance of two contoured stators were conpared 
with a cylindrical endwall case. The stators 
Ref. 8 were more highly loaded than those of Rets. 

10. Comparisons are made between analytic and ex- 
perimental flow angles ant* stator losses. The 
effect of contouring on stator loss is discussed. 



alony Mith an Illustration of the evolution of a 
contour geometry to give lot* stator loss. Also, the 
effect of Keynolds number on loss reduction due to 
contouring is discussed. 

The analysis used the quasi-three-dimensional 
flow analysis of Kefs. 11 ana 12 to calculate blade 
and endwall surface velocities. In addition, a 
boundary layer analysis'*'^' was used to determine 
properties for use in profile and endwall loss mod- 
els. The profile loss model of Ref. 14 was used, and 
the endwall loss model is described in Appendix A. 

Method of Analysis 

Figure 1 shows the geometry of a contoured end- 
wall configuration. This figure shows a blade pas- 
sage bounded by two blades, a cylindrical hub, and a 
contoured tip. The tip contour is axi-symnetric rath- 
er than being aligned with the direction of the flow. 
In the three dimensional sketch the contour appears 
to be fairly shallow. This is the result of the 
large amount of turning in the passage. The projec- 
tion shows a rapid change in endwall radius iti the 
last half of the chord. The analysis was done by 
specifying conditions upstream of the blade and and 
also the whir’ a distance downstream of the trailing 
edge. The whirl varied with radius. 

An iterative procedure was used to determine sta- 
tor performance. In the iterative procedure an ini- 
tial estimate was made for the downstream whirl. With 
this estimate the flow field velocity distribution 
was determined using a quasi-three-dimensional invis- 
cid analysis. Once the velocity distribution was 
found a boundary layer analysis was done to deter- 
mine boundary layer thicknesses on both the blade 
surfaces and endwalls. A check was made of the sta- 
tic pressure difference across the blade near the 
trailing edge. When this difference did not approach 
zero, the estimate of the downstream whirl distribu- 
tion was changed, and the procedure repeated. 

The quasi-three-dimensional flow analysis was ac- 
complished using two flow programs. Each program an- 
alyzes the flow on a single surface. The first pro- 
gram, MERIDL^^^^ calculates flow properties on the 
hub-shroud midchannel stream surface. One of the re- 
sults of this program is the streamsheet thickness 
necessary to pass one percent of the total flow on a 
blade-to-blade surface of revolution. The thickness 
varied as a function of radius and axial distance. 

The calculated thicknesses were used as part of the 
input to the second flow analysis program. This pro- 
gram, TSONIC^^^) calculates flow properties on 
blade-to-blade surfaces. Typically, the surfaces 
were the hub, tip, and three additional streamlines 
within the passage. The analysis was not fully three 
dimensional. This was because the streani sheet 
thickness necessary to pass one percent of the flow 
could not vary in the blade-to-blade direction, and 
all surfaces on which the blade-to-blade analysis was 
done were surfaces of revolution. When there was a 
significant supersonic region in the flow, a version 
of the TSOMC code was used which incorporated the 
modifications describee in Kef. lb. 

The inviscio surface velocities were used in a 
boundary layer analysis to calculate displacement 
and momentum thicknesses for both blade surface and 
endwall streamlines. This boundary layer analysis 
assumed turbulent compressible flow and was done 
using the program BLAYER described in Kef. 13. The 
boundary layer calculations were done for each iter- 


ation. The iteration procedure was stopped when the 
static pressures on each side of the blade were 
approximately equal near the trailing edge. The 
boundary layer analysis provided information regard- 
ing the uncertainty in the losses as the iterations 
progressed. Generally, several iterations were re- 
quired. The change in the static pressure differ- 
ence was small for the final few iterations. Since 
the stator loss was proportional to the momentum 
thickness near the trailing edge, the variation in 
momentum thickness for the last few iterations gave 
an estimate of the uncertainty in stator loss. 

The total calculated loss for each case was tak- 
en as the sum of the profile loss and endwall loss. 
The profile loss was calculated using the procedure 
described in Ref. 14 for calculating the aftermixed 
efficiency based on kinetic energy. This proceoure 
involved integration in the tadial direction. At 
each radius the required information was obtained 
using the analysis given in Ref. 16 to determine 
mixed out losses. The endwall boundary layers were 
calculated to the axial location of the experimental 
measuring plane downstream of the stator. The method 
of calculating the endwall loss is analogous to that 
given in Kef. 16. Details are given in Appendix A. 

Results and Discussion 

Stator performance results from three sources 
with highly three dimensional passage geometries will 
be compared with the analysis. This is done to show 
the ability of the analysis to predict the change in 
stator performance due to changes in endwall geoine- 
try. Table I gives dimensional characteristics for 
the stators investigated. The stator tip diameters 
varied from 13 to 73 cm. The stators are referred to 
in the following discussion by their labels, which 
are descriptions of the tip endwall contours. 

Comparison Kith the Experimental Data of Ref. 7 

Figures 2(a) and (b) show calculated hub, mean, 
and tip blade inviscid surface velocities for a cy- 
lindrical and contoured tip endwall stator. This 
stator had an exit tip diameter of 73 cm, and an 
axial aspect ratio of 1.2 at the stator exit. Fig- 
ure 2(a) shows a noticable amount of diffusion on 
tne suction surface in the midspan to tip region for 
the cylindrical endwall case. Figure 2(b) shows that 
using a contoured endwall virtually eliminates this 
diffusion. Consequently, the boundary layer growth 
is less, but because of the large aspect ratio the 
calculated improvement in stator efficiency was only 
0.003 for the contoured endwall case. Also shown in 
Fig. 2(a) are experimental data from Ref. 17. These 
data are from the midspan region of a linear cascade 
test, and are shown to illustrate the ability of the 
flow analysis to predict blade surface velocities, 
blade surface velocities from the annular cascade 
data of Ref. 7 are shown in Fig. 2(b). The analytic 
curves show smaller radial variations over the last 
thirty percent of the chord for the contoured end- 
wall than for the cylindrical endwall. The experi- 
mental and predicted radial variations in surface 
velocities over the latter part of the chord were 
about the same. The predicted profile loss was 
0.021, and the endwall loss was 0.011. This resul- 
ted in an overall predicted loss of 0.032. The ex- 
perimental results showed a loss of 0.022 in the mid- 
span region, and an overall loss of U.033. 

Figure 3 shows predicted and measured flow 
angles. The experimental flow angle increased from 
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69.5* at 5 percent of span to 77.2* at 95 percent of 
span. The analytic variation was greater, showing 
greater flow turning near the tip. However, both 
the analysis and experimental data show significant 
spcnwise variations in the flow angles. The analy- 
tic results are from the midchannel flow analysis 
(MERIOL code). At the measuring plane the flow anal- 
ysis program TSUNIC calculated a variation of a few 
degrees in the flow angle in the blade-to-blade di- 
rection. The local calculated midchannel flow angle 
was sensitive to the tolerance used to terminate the 
iteration for the downstream whirl. There was an un- 
certainty of about one degree in the local predicted 
flow angle. 

Comparison With the Experimental Data of Ref. 10 

The experimental results given in Ref. 10 are 
for two contoured stators and a cylindrical refer- 
ence stator. Table I shows the three stator passage 
geometries. The cylindrical stator had a constant 
radius outer endwall. The conical stator had a vari- 
able radius outer endwall that decreased uniformly 
from inlet to exit. The S-contoureo stator had a 
constant radius outer endwall in the front half of 
the passage, and an endwall defined by circular arcs 
in the rear half of the passage. The three stators 
were relatively small, having a tip diameter of 12.8 
cm at the exit. The axial aspect ratio was 0.7 based 
on stator exit passage height, and the two contoured 
stators had an inlet to exit passage height ratio of 
1.35. All three stators were lightly loaded, and 
Fig. 4 shows the blade loaoings for the three stators 
at the design pressure ratio {inlet total to midspan 
exit static) of 1.8. Except at the tip, the surface 
velocities were similar for all three stators. At 
the hub and mean sections the surface velocities were 
slightly lower for the contoured cases. This was a 
result of the increased passage height for these 
geometries. Hhen the S-contour geometry deflected 
the tip flow radial 1 inward, the surface velocities 
decreased. This was followed by a large overshoot 
in the suction surface velocity. 

Flow Angles . Figures 5 and 6 show a comparison 
of the measured flow angles at two different pres- 
sure ratios. The analytic and experimental results 
ar- compared at a measuring plane one third of an 
axial chord downstream of the trailing edge. The 
analysis is able to predict the overturning of the 
flow for the contoured stators at both pressure 
ratios. There are two factors which might account 
for the difference in level between the experimental 
and analytic flow angles. The precision in measur- 
ing the flow angle was about one degree. As noted 
previously, there was an uncertainty of about one 
degree in the local predicted flow angle. 

Loss Comparisons . Table II compares the predic- 
ted and experimental stator kinetic energy losses at 
three pressure ratios. Experimental data are shown 
at pressure ratios of 1.35, 1.8, and 1.95. As can be 
seen from Table 1I the analysis is able to predict 
the loss reduction due to contouring. However, it 
only predicts the level of stator loss to about 75 
percent of the experimental value. This difference 
rcriesponoed to 0.015 at design pressure ratio. 

Since the analysis only accounts for loss due to 
boundary layer growth and the presence of the trail- 
ing edge, but dees not account for any losses due to 
secondary flows, it was expected that the analysis 
woulo underpredict the stator loss levels. Table II 
shows that about 40 percent of the predicted loss was 
due to endwall boundary layer growth, because of the 


favorable pressure gradients within the passage most 
of this growth occurred between the trailing edge and 
the measuring plane. If the endwall boundary layer 
analysis were terminat'd at the trailing edge, the 
analysis would predict only about half of the meas- 
ured loss. 

The analysis predicted the level of loss better 
for the stator of Ref. 7 than for these stators. The 
stator of Ref. 7 had a larger aspect ratio, ano enb 
wall loss was a sm.. :ler fraction of total loss. An 
analytic investiga* ion was done to see if maintain- 
ing continuity for entire endwall sheet would 
change the predicted .ndwall loss for th’ stators of 
Ref. 10. This analysis used the boundary layer pro- 
gram of Ref. 18 (STAN5). The calculated loss using 
this program assuming isolated endwall streamlines 
gave the same results as the standard analysis using 
the BLAYEK program of kef. 13. When continuity was 
maintained for the endwall sheet, the calculated end- 
wall loss increased from 0.017 to 0.019 for the cy- 
lindrical stator at design pressure ratio. Using this 
assumption resulteo in a calculated total loss of 
0.044 compared to a measured loss of 0.057. Account- 
ing for continuity in the endwall bounoary layer 
would change cylindrical and contoured endwall losses 
by the same amount, but would not change the improve- 
ment due to contouring. 

In addition tc reduced boundary layer growth it 
was expected that contouring would reouce losses 
associated with cross-channel or radial pressure 
gradients. For these tests it is seen from Table II 
that almost all of the experimental reduction in 
loss due to contouring is accounted for by the cal- 
culated reduction in loss due to reduced boundary 
layer growth. Since the cylindrical stator was 
lightly loaded (Fig. 4), there may not have been 
significant losses that wre aflected by reduced 
cross-channel or radial pressure graoients. 

Reynolds Number Effect . Experimental data at 
different pressure ratios were obtained by varying 
the inlet pressure to maintain a fixed static pres- 
sure at the tip in the measuring plane. Because the 
level of loss increased with lower pressure ratios, 
an analytic investigation of the effect of Reynolds 
number on stator loss was undertaken. Boundary layer 
calculations were done for the three stators at the 
design pressure ratio. It was found that when the 
Reynolds number was increased by a factor of ten, the 
loss for the cylindrical s‘ator was reduced from 
C.042 to 0.032. At this higher Reynolds number the 
loss for the conical stator was reduced from 0.038 
to 0.029, and for the S-contour stator the loss was 
reduced from 0.038 to 0.029. The loss associated 
with just the presence of the trailing edge was 
0.010 for all three stator configurations, and was 
independent of Reynolds number. Since all calcu- 
lations were done assuming turbulent flow, the var- 
iation of the transition location with Reynolds 
number did not enter into the calculations. These 
analytic results showed that the percent reduction 
in stator loss attributable to boundary layer growth 
for the two contoured stators was nearly constant 
over the range of Reynolds number investigated. 

Height Ratio Effect . The experimental results 
in Table II show that both the full length conical 
stator and the S-contour stator had about the same 
improvement over the cylindrical stator. However, 
Ref. 9 showed that a full length contour has only 
half the improvement ot a contour with the tip radius 
change in the rear half of the stator. The conclu- 
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slons of Ket. 9 were drawn for a stator with a pas- 
sage height ratio of 1.2. This reference also showed 
that there was little gain in loss reduction when the 
passage height ratio was increased beyond 1.2. The 
full-length conical contour with an actual passage 
height ratio of 1.35 can be viewed as a half-length 
contour with a passage height ratio of 1.18. When 
this is done the experimental data no longer contra- 
dict the analytic results of Kef. 9. 

Radial Loss Distribution . Figure 7 shows con- 
tour plots 0 ^ analytic local static to inlet total 
pressure radios for the three stators at the design 
pressure ratio of 1.8. The lowest pressures are just 
in front of the trailing edge. The lowest pressures 
for the cylindrical stator are at the hub. For the 
S-contour stator there is a low pressure region a 
the tip. From these pressure contours it was expect- 
ed that the loss would not be as great near the hub 
for the S-contour stator as for the cylindrical sta- 
tor. This is verified experimentally. Figure 8 
shows the experimental loss distribution as a func- 
tion of passage height for the three stators. There 
was a high loss region near the hub for the cylin- 
drical stator, while the loss was greater near the 
tip for both contoured stators. The two contoured 
stators had the same mass averaged loss, but the 
S-contoured stator had a higher loss region near the 
tip than the conical stator. The contour plots of 
Fig. 7 show the S-contour with a low pressure region 
near the tip, while the conical stator has little 
pressure variation from hub to tip. by comparison 
of Figs. 7 and 8 it appears that all that is re- 
quired for the losses to be greater at the tip than 
at the hub is the absence of a low pressure region 
near the hub. From the results shown in Figs. 7 ano 
8 it may be possible to predict how the losses will 
be distributed radially using analytic static pres- 
sure contours. Improved stage performance is the 
primary goal, and whether the redistribution of sta- 
tor loss helps or hurts stage performance is a func- 
tion of stage geometry. There is evidence that the 
redistribution of loss can help significantly. Ref- 
erence 2 showed an improvement in stage efficiency 
of 1.5 points with a contoured endwall, while the 
stator loss was reduced by only U.002 with a con- 
toured endwal 1 . 

Comparison With the Experimental Data of Kef. 8 

Experimental results are given in Kef. 8 for 
three stators, and analytic comparisons were made 
for these tests. Three stators were tested, with 
two of them contoured. These stators had an exit 
tip diameter of 24 cm, about twice the size of the 
stators described in Ref. 10. Table 1 shows the 
passage geometry for the three stators. In these 
tests contouring occurred in the forward part of the 
blade, with the contour ending at about two-thiros 
of the axial chord. The two contoured geometries 
differed principally in the passage height ratio. 

The smaller one had a passage height ratio of 1.2, 
while the larger one had a passage height ratio of 
1.3. The blade loadings for these stators are shown 
in Fig. 9 for a total inlet to mean static exit pres- 
sure ratio of 1.5. It can be seen that these sta- 
tors were highly loaded, and that the loading dif- 
fered considerably from the stators of Ref. lU. 
Figures 9(b) and (c) show a peak in the suction sur- 
face velocity in the region where the outer endwall 
Changes radius. Reference 4 showed the same behav- 
ior for tests in a linear cascade. 


lable 111 gives a comparison of the experimental 
and predicted stator loss for the three stators. 
Comparisons are made at the measuring plane, half a 
chord beyond the trailing edge. The analysis predic- 
ted the loss for the cylindrical case as only 0.U45, 
while the measured loss was 0.084. The analysis was 
done assuming turbulent boundary layers. Even though 
there was a severe unfavorable pressure gradient in 
the front part of the blade (Fig. 9), no separation 
was predicted for the turbulent boundary layer. A 
laminar boundary layer would separate in the pres- 
ence of this gradient. If it did reattach, it would 
reattach turbulent, and is more likely to reattach 
in the presence of a favorable pressure gradient. 
Figure 10(a) shows favorable velocity gradients in 
the rear part of the blade for the hub and mean suc- 
tion surface velocity profiles. The tip section 
shows no favorable velocity gradient. Experimental- 
ly, the loss was very high near the tip for the cy- 
lindrical case. The flow may have separated in this 
region, and not reattached. If this occurred, the 
analysis did not recognize it, and greatly under- 
predicted the loss. The analysis predicted the loss 
level for the two contoured stators about as well as 
for the lightly loaded stators of Kef. lu. This is 
true even though the contoured stators of kef. 8 were 
more highly loaded. 

In an effort to determine it a different bound- 
ary layer analysis would show improved performance 
for the contoured stator, the calculated inviscid 
surface velocities for the cjlindrical and small 
contour endwal Is were used in the boundary layer 
analysis of Kef. 18 (STAN5). This analysis allows 
for boundary layer transition. When the boundary 
layer analysis was done, it was necessary to smooth 
the surface velocities. Nevertheless, there was a 
significant difference in the boundary layer results 
for the two cases. The boundary layer parameters for 
the contoured case did not change significantly from 
those calculated using the BLAYEK program of Kef. 13, 
so that the calculated loss remained 0.044. However, 
the boundary layer growth was larger for the cylin- 
drical case, resulting in a calculated loss of 0.050. 
According to the STAN5 boundary layer analysis of 
Ref. 18 the improvement in loss for the small con- 
tour was 0.006. The stator loadings of Kefs. 8 and 
10 were considerably different. The analysis pre- 
dicted the losses for the three stators of Ref. lo 
and the two contoured stators of Ket. 8 to about 75 
percent of the experimental value at the same loss 
level. For these two stator designs it appears that 
loading does not cause additional loss other than 
what can be accounted for by boundary layer growth. 

Evolution of a Contour Geometry . The experimen- 
tal results of Ref. 8 showed that a contour could 
dramatically improve stator penfotmance. The anal- 
ysis indicated that placing the contour in the rear 
part of the passage could further increase stator 
performance. Figure 10 shows calculated blade load- 
ings for different contour geometries using the sta- 
tor geometry of Kef. 8. Calculations were done to 
define a contour which had reduced scator loss and 
no overturning at the tip. The flow angle at the tip 
for t*-. cylindrical case was 72*. Figure 10(a) shows 
the blade velocities for a contour in the aft portion 
of the passage with a passage height ratio of 1.3. 
This contour showed a calculated loss reduction of 
U.007 over the cylindrical endwall case, but the flow 
angle at the tip was 78*. Figure lU(b) shows the 
blade velocities when a passage height ratio of 1.2 
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was used. The calculated loss reduction was O.UUb. 
but the flow angle at the tip remained 78*. Figure 
10(c) shows the blade velocity profiles for a con- 
tour which changed over the entire passage length. 
The last quarter of the passage had the same contour 
as the one shown in Fig. 10(b) for a height ratio of 
1.2. The height ratio was 1.3 at the leading edge, 
and the tip radius was faired in so that the front 
part mated with the contour in the rear quarter. 

This contour showed a loss reduction of 0.006, but 
the overturning at the tip has been reduced so that 
the flow angle was only 73*. One additional desir- 
able feature of this contour was that the minimum 
surface pressures were the same at the hub and tip. 
The loss distribution is therefore expected to be 


similar to the loss distribution shown in F’g. 8 for 
the conical stator. 

Concluding Remarks 

Comparisons with experimental results have shown 
the ability of the quasi-three-dimensional analysis 
to predict the the change in stator performance when 
contoured endwalls are used. The analysis was able 
to predict the trtnds in flow angle variation result- 
ing from the highly three-dimensional passage geome- 
tries. The improved stator performance is only part 
of the goal of overall stage improvement. The re- 
sults of overall stage test, which are detailed 
enough to allow comparisons with analytic models, 
are eagerly awaited. 


APPENDIX A - ANALYTIC MODEL FUR ENDWALL LOSS 


The mass averaged kinetic energy loss at an axial location downstream of the stator was shown in 
Ref. 16 to be: 


e = 1 - 


r 


dr de 


(A-1) 


V^r dr de 


This can be rearranged to give: 




de 




(A-2) 


dr de 


Loss is assumed to occur only on the endwalls. Therefore, between r^ + and r* - «fti Y « 

nin relative to ine span. Conse- 
V cos 6. The 
analysis. The 

displacement thickness is given by: 


and Vi = Vfj. It is assumed that the hub and tip boundary layers are thin relative to tne 
quently, r is constant for each boundary layer. The axial ve’ ity, V^, is given by V. • 
flow angle, b, at each boundary is assumed to be the one oeter»....cd from the inviscio flow 

• ■ . -/: 


pv 

'0 ^fs''fs 


The kinetic energy thickness is given by: 




or 


(A-3) 


(A-4) 


After some algebra: 


e 

[(*'-‘>fs''fs * (♦'■‘'fs''?s Oj 


oe 


^ y' Ofs''fs - (*''‘’fs''fs 0^ - (‘■■'’fs''fs 

L h - 


oe 


(A-5) 


The local values for the boundary layer parameters are found from calculations assuming the flow follows 
the inviscid streamlines. The intergration in the pitchwise direction is done by Simpson's rule using 
results from the different streamlines. 
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SYMBOLS 

r radius 

V velocity 

6 flow angle 

6f full boundary layer height 

a displacement thickness 

e kinetic energy loss coefficient 

0 pitchwise angle 

Op pitchwise distance for one passage 

0 density 

♦ kinetic energy thickness 

Subscripts: 

cr sonic condition 

fs freestream 

h hub 

1 ideal 

t tip 

X axial direction 
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Reference J 


leble I Ueicriptton of e>perl«ent«l itetors 


Source 


Reference 10 


Reference 8 


Contou'ed Cyllndrlcil S*contour Conicel Cylindricel I Saell I Large 


Ailal aspect 
ratio (at eilt) 

1.2 

0.7 

0.7 

0.7 

Inlet to eilt 
passage height 
ratio 

1.3 

1.0 

1.3S 

1.35 

Tip diameter 
at eilt, cm 

73 

13 

13 

13 

Eilt blade 
angle, deg 

72 

72 

72 

72 

Mean ailal 
eilt solidity 

.7 

1.2 

1.2 

1.2 


0.8 

0.8 

0.8 

1.0 

1.2 

1.3 

2« 

24 

24 

88 

63 

68 



Table 11 Comparison of predicted and measured loss for 
eipenemntal data of Ref. 10. 



Pressure 

ratio* 



Kinetic energy loss 


Stator 


Cylindrical Cone i S-Contour 



Eiperlmental 
Loss reduction 


Predicted 

Profile 

Endwall 

Total 

Loss reduction 


1.8C Eiperlmental 
(Design) Loss reduction 

Predicted 
Profile 
' Enduall 

I Total 

LOSS reduction 


Eipenmental 
Lots reduction 


Predicted 
Profile 
cndual 1 
Total 

Lott reduction 


•Inlet total to mean eilt Static- 




Table III Comparison of predicted and measured loss for 
eiperlmental data of Ref. 8. 



Predicted 

Profile 

Enduall 

Total 

Lots reduction 


Kinetic 

energy lost 

Stator 

Cylindrical 

Small 

contour 

Large 

contour 

0.084 

0.060 

.024 

0.060 

.024 


0.020 

.025 

.045 

0.019 

.025 

.044 

.001 

0.019 

.026 

.045 

.000 
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Figure 3. - Comparison of measured and pre- 
dicted flow angles for experimental data of 
reference 7. 
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(a) Hub. 

(b) Mean. 

Ic) Tip. 

Figure 4. - Predicted blade surface velocities for cylindiical 
and contoured stators of reference 10, pressure ratio, 
1 . 8 . 
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(a) Cylindrical stator. 

(b) S-contoured stator, 
(c) Conical stator. 


(a) Cylindrical stator. 

(b) S-contoured stator, 

(c) Conical stator 


Figures. - Comparison of predicted and mea- 
sured flow angles for experimental data of 
reference 10. Inlet total to mean exii static 
pressure ratio, L35. 


Figure 6. - Comparison of predicted and mea- 
sured flow angles for experimental data of 
reference 10. Inlet total to mean exit static 
pressure ratio, 1.8. 



STATOR STATIC-TO- INLET 
TOTAL PRESSURE RATIO 

A 0.90 
B .80 
C .70 
0 .60 
E .55 
F .52 
G .50 
H .49 
I .48 



hub i — I 

DISTANCE ALONG SUCTION SURFACE 


(a) Cylindrical stator, 
(bl S-contoured stator 
(c) Conical stator. 
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(al Pressure ratio, 1.35. 
lb) Pressure ratio, 1.8. 

Figures. - Radial variation of stator experi- 
mental kinetic energy loss (from ref. lOi. 


Figure 7. - Analytic suction surface 
static pressure contours. Inlet to- 
tal to mean exit static pressure 
ratio, 1.8. 
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0 .2 .4 .6 .8 1.0 

FRACTION OF AXIAL CHORD 

(a) Cylindrical tip. 

(b) Small contour. 

(c) Large contour. 

Figure 9. - Surface velocities for three sta- 
tors of reference 8. 




(a) Large contour at aft end. 

(b) Small contour at aft end. 

(c) Full length contour. 

Figure 10. - Calculated pressure and auction surface velocities 
for different contou r geometries. 
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